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ABSTRACT
Deep images taken with the Wide Field Channel of the Advanced Camera
for Surveys on board the Hubble Space Telescope provide the basis for study
the resolved stellar population of the M81 companion dwarf irregular galaxy
Holmberg ix. Based on color-magnitude diagrams the stellar population toward
Holmberg ix contains numerous stars with ages of . 200 Myr as well as older
red giant stars. By charting the spatial distribution of the red giant stars and
considering their inferred metallicities, we concluded that most of these older
stars are associated with M81 or its tidal debris. At least 20% of the stellar
mass in Holmberg ixwas produced in the last ∼ 200 Myr, giving it the youngest
stellar populations if any nearby galaxy. The location of Holmberg ix, its high
gas content, and its youthful stellar population suggests that it is a tidal dwarf
galaxy, perhaps formed during the last close passage of M82 around M81.
Subject headings: galaxies: evolution — galaxies: individual (Holmberg ix) —
galaxies: photometry — galaxies: interaction
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1. Introduction
Zwicky (1956) presented the possibility that new stellar systems might form in the tidal
debris around interacting galaxies. This concept has since received observational support
from the detection of condensations of gas and newly formed stars in the tidal tails of
interacting galaxies (e.g., Schwiezer 1978). In some cases these structures have internal
kinematics that are indicative of gravitational binding and they thus can be considered
as dwarf galaxies in formation (e.g., Hibbard et al. 1994; Duc et al. 2000; Weilbacher et al.
2000; Mundell et al. 2004). The long term fate of these tidal dwarf galaxies (TDGs), however,
remains unclear, although theory (e.g., Bournaud & Duc 2006) supports the possibility that
TDGs separate from other tidal debris and become relatively long-lived dwarfs.
TDGs form in dynamically cool tidal tails and may favor gas rich regions (e.g., Wetzstein et al.
2007). In these cases the TDG stellar populations would consist of a mix of pre-existing stars
from tidally disrupted materials combined with a prominent “new generation” of young stars
produced as gas collects in the TDG. Young TDGs may stand out due to their large young
stellar content; however, no TDG candidates have been found in the Local Group (LG).
On the other hand the major post-formation interactions in the LG appear to have been
associated with M31 and are themselves quite old, so any TDG could be difficult to distin-
guish and may not have survived. However if the conventional wisdom concerning a lack of
dark matter in galaxy disks holds, then TDGs should contain little dark matter. Few if any
nearby dwarf galaxies are candidates for satisfying this condition (Hunter et al. 2000).
In contrast to the Local Group, the nearby (3.6 Mpc, Freedman et al. 1994) M81 galaxy
group hosts a major ongoing interaction involving M81, M82, and NGC 3077. This interac-
tion produced extensive Hi arms that link the three galaxies (e.g., Gottesman & Weliachew
1975; van der Hulst 1979; Appleton et al. 1981; Yun et al. 1994) and which are potential sites
for TDG formation (e.g., Boyce et al. 2001). In particular Hi knots with optical counterparts
have been identified within the tidal bridges, the most prominent to the east/north-east of
M81 being Holmberg ix, a dwarf galaxy close to M81 catalogued by Holmberg (1969), and
Arp’s Loop, a region located along the bridge between M81 and M82 discovered by Arp
(1965).
We have begun a study of young stellar populations in the M81 galaxy group with the
overall aim of elucidating star formation modes in tidal debris. Combining multi-wavelength
observations of the stellar features in the Hi tidal bridge connecting M81 and M82, we
identified eight young star-forming regions in Arp’s Loop. The FUV luminosities of these
objects are modest and typical of small clusters and of associations of O and B stars. We
suggested that these young stars recently formed in gas that was tidally stripped from M81
and M82 but is not part of a gravitationally bound galaxy (de Mello et al. 2008).
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The stellar content of Holmberg ix was recently investigated by Makarova et al. (2002).
While their HST Wide Field Planetary Camera 2 (WFPC2) observations of Holmberg ix
were not deep enough to unambiguously rule out the presence of old stars, they noted “...no
clear signs of an RGB [red giant branch] in the color magnitude diagram of this object.”
This conclusion was reached despite overall optical properties that have led to Holmberg ix
being considered a dwarf irregular galaxy by most investigators on the basis of its structure
and kinematics.
In this Letter we analyze deep archival Hubble Space Telescope (HST ) images of Holm-
berg ix obtained with the Wide Field Channel (WFC) of the Advanced Camera for Surveys
(ACS). The data are ∼ 2.5 mag deeper than those obtained by Makarova et al. (2002), and
readily detect stars along the upper RGB, allowing us to set strong limits on the presence of
old stars in Holmberg ix. We show that this galaxy contains a predominantly young stellar
population, consistent with it being a recently formed TDG, as suggested by Makarova et al.
(2002).
2. Observations
We retrieved deep broadband F555W and F814W ACS/WFC images from the Multi-
mission Archive at STScI (MAST) of the dwarf galaxy Holmberg ix (P.I. E.D. Skillman,
GO-10605). The dataset consists of eight 1192 s dithered exposures in both the F555W
and F814W filters. The data were processed through the standard Space Telescope Science
Institute ACS calibration pipeline CALACS and, for each filter, all the exposures were co-
added using the MULTIDRIZZLE package (Koekemoer et al. 2002). For each filter the total
exposure time is 4768 s and the images cover an area of 200′′ × 200′′ corresponding, at a
distance for Holmberg ix of 3.6 Mpc, to 3.5×3.5 kpc. The color-combined image of the data
is presented in Plate 1.
The photometric reduction has been performed with the DAOPHOT package within the
IRAF1 environment. Stars were independently detected in each filter using the DAOFIND
routine, with a detection threshold set at 4σ above the local background level. Their fluxes
were measured by aperture photometry using an aperture size of 0.15′′. We then performed
PSF-fitting photometry to refine the photometric measurements of the individual sources. To
take into account the spatial variations in the core width and shape of the PSF (Krist et al.
2003; Sirianni et al. 2005), we computed a spatially-variable PSF using ∼ 180 isolated and
1IRAF is distributed by the National Optical Astronomy Observatory, which is operated by AURA, Inc.,
under cooperative agreement with the National Science Foundation.
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moderately bright stars, uniformly distributed over the entire region. We transformed the
instrumental magnitudes to the HST VEGAMAG system by converting the individual stellar
magnitudes to an aperture radius of 0.5′′ and applying the zero points listed in Sirianni et al.
(2005).
We applied selection criteria to our catalogs based on the shape of the objects, with the
aim of distinguishing bona-fide single stars from extended, blended or spurious objects. To
accomplish this, we considered the DAOPHOT χ2 and sharpness parameters: χ2 gives the ra-
tio of the observed pixel-to-pixel scatter in the fit residuals to the expected scatter calculated
from a predictive model based on the measured detector features, while sharpness sets the
intrinsic angular size of the objects. Only objects with χ2 < 3 and −0.6 < sharpness < 0.6
in the F555W filter and χ2 < 4 and −0.5 < sharpness < 0.5 in the F814W filter have been
retained. We found these values to be the best for rejecting spurious and extended objects,
without also eliminating the bright stars. By inspecting the rejected objects, we recognized
several candidate star clusters (i.e., fairly round but extended objects) and background
galaxies. The final catalog contains 23,182 stars.
3. RESULTS
Figure 1 shows the mF814W versus mF555W −mF814W color-magnitude diagram (CMD)
of Holmberg ix. The young stellar population is represented by well-defined blue and red
plumes. The blue plume is located at mF555W − mF814W ≃ 0.0 with the brightest stars at
mF814W ≃ 20.5 and is composed of upper main sequence (MS) stars as well as stars along the
hot edge of the core helium burning blue loop phase. The quality of the photometry is such
that the gap between the MS and the blue edge of the blue loop phase is clearly visible. The
red plume is at 1.2 ≤ mF555W −mF814W ≤ 2.0 and extends between 20.0 ≤ mF814W < 24.0.
It is populated by red supergiants (RSGs) at the brighter magnitudes that define the red
side of the blue loop, and by asymptotic giant branch (AGB) stars at fainter luminosities.
The rich concentration of stars fainter than mF814W > 24.0, with colors redder than
mF555W −mF814W ≥ 1 corresponds to low-mass, old stars (age ≥ 1 Gyr) in the RGB evolu-
tionary phase. The region of Holmberg ix then contains stars covering a considerable range
in age.
An interesting feature in the CMD is the lack of stars with mF814W ≤ 24.0 and colors in
the range of 1 ≤ mF555W −mF814W ≤ 1.5 (marked as the “Gap” in Fig. 1). This shortage in
stellar density at the base of the red plume indicates a prolonged quiescent star formation
occurred about ≤ 1 Gyr ago. Evidently vigorous star formation started again recently to
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produce the large young population seen along the blue MS and both sides of the blue loop.
Spectroscopic observations of Hii regions in Holmberg ix indicate a metallicity for the
ionized gas of Z ≃ 0.0076 (Makarova et al. 2002). Therefore we used Z = 0.008 Padova
isochrones (Salasnich et al. 2000) to derive the ages of the two stellar components identified in
the Holmberg ix region (Fig. 2). From the structure of the RGB, the older stellar population
covers a likely range in age of ∼ 1 to 12 Gyr, as well as having a span in metallicity that
reaches to relatively high values.
A second major episode of star formation evidently started ≃ 200 Myr in the past,
when M81 and M82 experienced the their nearest approach (as derived from dynamical
simulations by Yun 1999), suggesting that this event could be the origin of Holmberg ix as
a gravitationally bound entity. As can be seen from the presence of Hii regions, active star
formation continues into the present epoch.
We next consider whether the RGB and young stars are both part of Holmberg ix.
This is accomplished by comparing spatial distributions of the older and younger stellar
populations visible in the ACS image. RGB stars with 26.0 < mF814W < 24.0 and 1.0 <
mF555W −mF814W < 3.0 trace the old stellar population. MS and blue loop stars, the blue
plume, with 26.0 < mF814W < 24.0 and −0.3 < mF555W − mF814W < 0.4 chart the spatial
distribution of the younger stellar populations.
Inspection of Figure 3 (top panels) reveals that the blue plume and RGB stars have
very different spatial distributions. Blue plume stars (top left panel) are strongly concen-
trated in the center of Holmberg ix, as normally observed in a star forming dwarf galaxy.
The density of RGB stars (top right panel) peaks at the left bottom corner of the image
(the position closest to the M81 galaxy), and rapidly decreases toward the image center.
This is not the typical spatial distribution for the old stellar population in a dwarf galaxy,
which is usually symmetrically distributed around the center of the dwarf. This effect is
highlighted in Figure 3 (lower panels), which presents variations in stellar counts in a grid
along the diagonal across the image extending from pixel (0;0) to pixel (4500;4500). Each
grid element has dimensions ≃ 150 × 150 pixels2, which corresponds to ∼130 × 130 pc2, at
the distance of Holmberg ix. We performed a similar analysis on Arp’s Loop (see Fig. 8 in
de Mello et al. 2008), but found that the spatial distributions of the young and old stars are
closely correlated.
Experiments with more than 106 artificial stars following the procedure described in
Sabbi et al. (2007) tested the quality of our photometry and the completeness of our data.
These experiments demonstrate that the differences in the spatial distributions of blue plume
and RGB stars is due neither to crowding nor incompleteness in the central region of Holm-
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berg ix. At mF814W ≤ 25.7 and mF555W −mF814W = 1.5, the photometry remains complete
at the 90% level (Fig. 1). This conclusion can be visually confirmed from the inspection of
Plate 1, where a multitude of background galaxies is easily distinguishable even through the
center of Holmberg ix where we have the highest stellar density.
The majority of RGB stars have spatial distributions consistent with them being an
extended component of M81. This also would explain the presence of a relatively metal-rich
RGB stellar population in a dwarf irregular galaxy, which normally would have a more verti-
cal RGB structure with blue colors associated with low metallicity older stars. These results
reinforce the findings of Makarova et al. (2002). Holmberg ix is impressively dominated by
stars with ages of . 200 Myr, but is it free of any traces of an older stellar populations? If
Holmberg ix is a TDG formed in the recent M81–M82–NGC 3077 interaction, then its older
stars should have come from one of the interacting systems while its young stars formed on
site.
4. DISCUSSION
The lack of an obvious concentration of old stars associated with Holmberg ix is con-
sistent with its being a TDG that formed out of a mixture of gas and stars from the disks
of interacting systems in the M81 group. Since this material comes from the outer parts
of galaxies, we expect it to initially have had a high gas-to-star mass ratio and low star
formation rate. Alternatively Holmberg ix could be an old dwarf galaxy whose evolutionary
path was modified through interactions. In particular the flattening in RGB star counts
(Fig. 3—right panel) may indicate that while the M81 halo dominates the lower left corner
of the observed region, the RGB stars detected in the right upper could be associated with
Holmberg ix.
To test this hypothesis we assumed that all the RGB stars detected in the right upper
corner (e.g., between ∼ 2,000 and ∼ 4,000 pixels) are part of the Holmberg ix old stellar
population. In this region we identified 447 RGB stars between 24.3 < mF814W < 25.7 and
1.0 < mF555W − mF814W < 2.6. If, as usually observed in dwarf galaxies, the old stellar
population is uniformly distributed, then up to ∼2000 RGB stars in the CMD could belong
to Holmberg ix. This is a conservative upper limit since we assumed no contamination from
M81 in selecting our Holmberg ix RGB sample.
We applied the synthetic CMD method of Tosi et al. (1991) to make a first assessment
of the total numbers of young and old stars formed in Holmberg ix. Under the assumption
of a continuous SF between 1 and 12 Gyr ago, with a Salpeter mass function, the presence
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of 2000 RGB stars in the observed magnitude range requires a star formation rate of ≤
5.5× 10−4M⊙ yr
−1. The total mass in older stars for this model is M⋆ ≤ 6× 10
6M⊙.
Similarly we counted 1237 blue loop stars between 19.8 < mF814W < 24.5 and −0.3 <
mF555W −mF814W < 2.7. Assuming that the galaxy has constantly formed stars in the last
200 Myr, we derive a recent SFR ≈ 8.1 × 10−3M⊙ yr
−1, a factor 15 times higher than the
lifetime average assuming that all of the observed younger stars formed in Holmberg ix. The
corresponding young stellar mass is M⋆ ≃ 1.6× 10
6M⊙.
While we cannot exclude that Holmberg ix is an old dwarf galaxy, it then would have an
extreme ratio of young-to-old stars. No matter what its origin, Holmberg ix has the youngest
mean stellar population age of any nearby galaxy. Similarly it also has an unusually high ratio
of gas-to-stellar mass. We find M(Hi) = 3.3×108M⊙ from Swaters & Balcells (2002, on-line
Table A.1), which implies a remarkable M(Hi)/M⋆ > 40. Although dwarf galaxies with this
degree of gas richness are known, it is extraordinary to find such an object apparently in
close proximity to a giant spiral.
Given the current data the most viable possibility is that Holmberg ix is a young TDG
assembled from gravitational collapse of gas and stars stripped off during the interaction of
M81 with M82. It is likely that the majority of the old stars in the Holmberg ix region
belong to the extended halo of M81 or is tidal debris not associated with Holmberg ix. This
model receives further support from the location of Holmberg ix along one of the main Hi
tidal arms, close to M81. Further tests of this model can be made by checking for significant
dark matter in Holmberg ix and through more detailed studies of the age distribution of its
stellar populations.
5. CONCLUSIONS
We analyzed archival HST/WFC/ACS images of the region around the dwarf galaxy
Holmberg ix. The resulting CMD clearly shows that this galaxy experienced an intense
episode of star formation in the last ∼ 200 Myr. Although a prominent RGB is present
in this field, the spatial distribution of the stars, and in most cases their relatively high
metallicities as judged from colors, are consistent with a projected large old stellar population
contribution from the halo or disk of M81. However, a slight excess of RGB stars in the
region of Holmberg ix opens the possibility that a low mass, M⋆ ≤ 6 × 10
6M⊙, old stellar
component could be present in this dwarf galaxy. The best proof that Holmberg ix not a
TDG would come from evidence for a dark matter halo.
Whatever its origin, Holmberg ix is a low-density stellar system, with most of its bary-
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onic mass in the form of gas. Whether it remains gravitationally bound will depend on a
variety of factors, including the fate of the gas and presence or absence of dark matter. If
Holmberg ix dissolves near its present location, then in a few hundred million years its stars
should begin forming tidal streams similar to those observed in M31 (Ibata et al. 2005).
While we cannot strictly exclude that Holmberg ix is an old dwarf galaxy, the high ratio
of gas to stellar mass would then be highly peculiar for a system located near a giant spiral.
On the other hand all of the observed properties of Holmberg ix can be understood in the
context of a TDG that formed in tidal debris ∼ 200 Myr in the past. In particular the gap
in star formation activity at ≈ 1 Gyr is consistent with this galaxy having become an active
star forming and likely gravitationally bound entity about 200 Myr ago, near the time of the
closest M81–M82 approach, as is its location along a tidal arm.
We thank Evan Skillman for having proposed to obtain these ACS WFC observations
ands the STScI Hubble Heritage team for making Figure 4. We thank Monica Tosi and
Francesca Annibali for usefull discussions and suggestions. E.S. was founded by STScI GO
grant GO-1208. JSG appreciates research support for this project from the University of
Wisconsin Graduate School. DFdM was founded by STScI grant-44185.
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Fig. 1.— mF814W vs. mF555W − mF814W CMD of the stars measured in the Holmberg ix
region and selected with the criteria described in the text. The various stellar evolutionary
phases are indicated.
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Fig. 2.— Same as Figure 1 but with superimposed Z = 0.008 Padua evolutionary isochrones
(Salasnich et al. 2000). Blue isochrones cover the age range between 200 and 10 Myr, while
isochrones in the age range between 1 and 12 Gyr are shown in red.
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Fig. 3.— Upper panels : Spatial stellar density distributions for MS (to the left) and RGB (to
the right) stars. North is down-right, East is up-right. Lower panels : Variations in stellar
counts along the image diagonal from pixel 0;0 to pixel 4500;4500 for MS (to the left) and
RGB (to the right) stars.
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Fig. 4.— ACS/WFC color composite image of Holmberg ix created using the F555W and
F814W filters. The field of view is 200′′ × 200′′, corresponding to ∼ 3.5 × 3.5 kpc2 at the
distance of Holmberg ix. North is down-right, East is up-right.
